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FOREWORD

This iepor: represents the initial phase of the work on culture of
cells of higher plants undertaken at Natick under the unconventional
food program in the Microbiology Division of the. Food Laboratory. The
objective of this study is to determine whether it wou•d be feasible to
use plant cell cultures as a source of human food. The objective of
this phase was to isolate and establish suitable cell lines and to
investigate their growth kinetics and iroductivity on simple media
preliminary to initiating mass culture studies.
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ABSTRACT

Callus culture:; have been isolated from a n.mber of edible plants
and maintained ci simple defined media for extended periods. Growth
rates are slov in comparison to other m.crobicl systems, and increase
tends to be linear. Static cultures on solid medij± double ..n 5-10 days,
yield up to 0.26 mg dry weight per ml per day, and attain i maxiumum
weight of about 12 =,, dry weight per ml. Suspensic-n culture° dLuble in
2-5 days, yield up to 1.1 mg dry weight per ml per day, and attain a
maximum weight of about 23 mg dry weight per ml. "hese groeth rates are
of the same order of magnitude as those for higher plants g.-owing
conqentionally. Considerable improvements in these growta rates will be
required before use of plant cell cultures as food can be realized
economically.
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I

Introduccion

The culture of undifferentiated plan,: cells began in the 193)'s

with the pioneer siudies of Unice, Robbius, Gautberet. and others (261

Progress -was slow until 1942 when Van Overbeek &L,- Blakeslee (18)

inctroducad the usa of liquid endosper- of the coconut for the :ulture of

plant embryos, and it was discovver'e that coconut milk was an excellent

source of organic nutrients and growth factors for many plant cell.

Today cells isolated from all parts o" the plant, and representing a

variety of plant families are bsing successfully cultured (6). As

knovledge of plant hormones and growth faztors has developed it has

become possible to culture many plant cells on fully defined media,

either as masses or solid media, or in suspension in liquid media (11,

18). Such cultures in many ways resemble nicroorganims, and can be

grown and handled in similar fashion. Among the pcrduc:s identified in

such cultures are: alkaloids including nicotine, atropine, byascine,

tomatine, and candicine; amino acids; prnteins; enzymes including

aylase, invertase, catalase, peroxidase, indole acetic acid oxidase,

polyphenol oxidase, protease, and pectin mthylesteiLse; carbohydrates

including starch; glycosides; organic acids; pigments including

chlorophyll, carotenoids, xanthophyll: flavonoids, and anthorcytnins;

phenolics; tannins; lignins; saponins; steroids; torptioids; antibiotics

against Stiphjococci and Mycobeteria; and growth regulators

(Sibberellinx) (4).



In the past fe years mass culture of plant cells has been azhieved

in a number of laboratories. Nickell and Tulecke at Pfizer ,12, 13, 14,

22) grew plant calls in suspension and scaled up production to pilot

plant scale. They achieved yields of 3 g (wet weight) per liter per day

for carboy cultures of GinMo, Ilex, and Lolium cells, and 10 & (wet

weight) per liter per day in a 134 liter pilot plant fermentor. Tne

last was a tw day run using a heavy inoculuw. Pfizer had hoped to

grov, in vitro, tissues of plants that produce valuable pharmaceuticals

or other products. Because of the 10 - 2R1 cGconut milk incorporated in

the medium and the slow growth rate, the economizs did not appear

favorable. ?urthermore, it has been repeatedly shown (19, 24) that

marked biochemical differences may exist between the same tissue in

culture and in the intact plant. Unfortunately compounds of

pharmaceutical interest tend to occur in lower concentrations in the

cultured tissue. Pfizer has dropped its plant tissue cultute project.

Staba at the University of Nebraska (15, 16, 23) has also grown

mass cultures of plant tissues hoping to produce pharmaceuticals. In a

dual carboy syscem he achieved a yield of 4.7 g (wet weight) of

spearmint tissue per liter per day in an 8-day run. In Erlenmeyer

flasks he obtained a yield of 6.3 g (wet weight, 0.4 g dry weight) per

liter per day in 15 days growth.
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Anne byrne at the Quarteruaster Food & Container Iustitute in

Chicago (2, 3) has stdied the savs culture of plant cells as an

unconventional Nuod source. Her greatest success was with carrot

tissue. Using a 15% coconut Ailk medium, she echieved yields oi ujp to

6.1 g (wet weight) per liter per day in a 6 liter carboy. In a semi-

continuous system yields were up to 1.9 g dry weight per liter of

culture per day. Proximate analyses of the carrot tissue varied widely

depending on media atid grow.h conditions, but the range was from

13 - 36% protein, 6 - 42% fat, 2 - 9% ash, and 15 - 28% crude fiber.

Tulecke has continued his studies of mass culture of plant cells

at Boyce Thompson Institute with Air Force support (20, 21). He now

uses no coconut milk, but groae his tissue on fully defined (MIrashige)

tdiiua in a semi-continuous 8 liter "phytostat." At intervals of ene

or two days, about a liter of culture was harvested and an equal volume

of fresh medium added. In 7 runs totaling 222 days, he harvested

163 liters of rose culture with an average fresh weight of 112 g (4.6 g

dry weight) per liter; or a production of 0.42 g dry weight per liter

of culture per day. The generation time was 7 to 8 days. The harvested

tissue had 3.4% dry weight, 16% of this was protein. Less dense

culturis had up to 19% protein, slower groving cultures had less protein

(as little as 77). Test diets were prepared for vanling mice in wbch
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the protein was supplied by either rose tissue or casein. Mice fed over

a 20 day period did poorly on either diet as compared to the standard

laboraory Wayne Lab-blox feed. It appears that the tZst diets were not

well formulated.

For use in a biorcgenerative system, it would be desirable to have

a photosynthetic plant tissue cult,!ra. So far, this has not been

achieved. Hild- ,randt at Wisconsin has selected tissues of moderately

high chlorophyll contenL -om a number of edible plants, but there is no

apparent difference in the nu ritional requirements of these from

strains lacking chlorophyll (8). cultured chlorophyllous tissue has

been shown to fix carbon dioxide in light (9, 17) but in contrast to

tissues in intact plants, the fixed carbon does not appear in sucrjse.

In general there appears to b! an inverse relation between chlorophyll

content and growth rate (4, 16, 17).

Current studies in our laboratory are directed towards:

(a) better understanding of growth kinetics and, hence,

development of useful growth indices,

(b) further understanding of growth and nutritional

requirements in an attempt to develop simple economic media,

(c) selecting for, inducing, and enhancing chlorophyllous

growth in an attempt to attain photoautotrophic conditions and

(d) defining parameters for and eventually attaining sound

economic continuous mass-culture systems.
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Methods

Media used in this study are shown in Tables 1-5.

Cultures used in this study (Table 6) are all callus cultures

isolated by us; most from food plants. Seeds were suerilized in 5%

calcium bypochlorits and planted wlthout rinsing on White's medium with

agar, then grown for one to four weeks at 1"8'C in a New Brunswick

Incubator (G27) under continuous white fluorescent light (840 foot

candles). Seedlings were cut up aseptically and small pieces were

transferred to agar slants of White's medium or birashige medium with or

without supplements; lOZ coconut milk; or 0.1 - 1.0 g/l of phytone

(BBL), tryptons (Difco), yeast extract, corn steep, proflo (defatted

cotton seed flour), or casein hydzelysate; or 0.1 - 5.0 mg/1 of

OL naphthaleneacetic acid, 2.4 dichlorophenoxyacetic acid, or calcium

ptntotbhnate. Plant pie:es were incubated for several weeks in the

light at 28°C or in the dark at 24-280 C. When callus tissu• formed at

c.st surfaces it was transferred to fresh medium (date of isolation).

Carrot cell cultur~a were isolated fro, mature root- rinsed with alcohol

and a cylinder of phloem tissue removed with a sterile cork borer. This

tissue was cut up and handled like the seedling pieces. Isolations of

callus tissues were usually made 4-6 weeks after placing cut up tiasue

on agar. After that cultures were transferred at intervals of 4-6 weeks

and incubated in tha dark or light at 28 0 C.

5



Table 1. Wite'as .sdiL for Growth of Plant Tissue Cultures (26).

g/nt aLite

Mg so4  360.

CS(NO 3 ) 2 . 4 H12 0 200.

Na 2 SO4 a 10 R20 200.

KC1 80.

NaH2 PO4 • H20 16.5

M) SO4 7 7E 20 4.5

Zn SO4  7 H20 1.5

H3 BO3 1.5

K1 0.75

Ferric tartrate 40.

Glycine 3.0

Nicotinic acid 0.5

Thiamine 0.1

Pyridoxine 0.1

Sucrose 20,000.

pH 5.5

Optional additive.

Agar 6 g/L

Coconut Milk 100 al!L
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Table 2. Murashige and Skoog Medium for Growth of Plant Tiesur Cultures
(11).

C~orlent !&!Lite

K NO3  1900.

N• W03  
1650.

Ca Cl 2 - 2 H20 440.
Xg s04 • 7 E20 370.
WO4 170,
Mm S04 & 4 R20 22.3
Zn S04 • 4 H20 8.6
H13 B03 6.3
KI 0.F3
Nolybdic acid 0.25
Cu SO4 • 5 H20 0.25
Co Cl2 , 6 E20 0.25
Sodium EDTA 37.3

FeSO4  7 R20 27.8
Inositol !00.
Glyc'ne 21
Nicotinic acid O.D
Pyridoxine 0.5
Kinetin (6-furfuryl aminopuZine) 0.32
Thismin* 0.1
2.4 dichlorophenoxyacetic acid (2,4D) 0.05
Sucrose 30,000.

pH 5.

C*Ltioa , additivc:

Agar 6giL

Phyt-one Ig/L

S naptbalenaacetic acid (K•A) 0.1 mgiL
(omit 2,4.)
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Table 3. Hildabrandt's C Medium for Growth of Plant Tissue Cultures
(7).

Component ma/Liter

Na 2 SO4  800.0

Ca(N0 3 ) 2 . 4 H20 400.0

Mg SO4 * 7 B20 1130.0

K NO3  80.0

KC; 65.0

N&H2 PO4 33.0

Zn SO4 * 7 H20 6.0

Mn SO/. 4 HO 4-5

KI 3.0

H3 BO3  0.375

Ferric tartrate 40.0

Glycir.e 3.0

Ca pzntothenaLe 2.5

Thiamine 0.1

Snaphthalene acetic acid (NAA)* 0.1

Sucrose 20,000.0

pH 5.5

Optional additives

&gar 6g/L

Ccoconut Milk 10%

2,4D 6=g/L (*Omit NA = D madium)
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Table 4, or.kCe r (Trii-.w6- for Growth of Cabim 118mua (1).

C2Mnent !Lirter

Ca NO3  242.

K NO3  85.

KCI 61.

Mg So 4 • 7H 20 42.

K H2 P04  20.

Fe C12  25.

Yeast Extract 1,000.

2.4D

Sucrose 40,000.

pH 5.5

Optional additives

Agar 6 g/L

*9x1066
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Table 5. Tauchiya Madiumi for Grov.h of Orchid Meristems (27).

Convonent mg/Liter

K NO3  525.

(NH4) 2 S04 500.

K R 2 P0 4  250.

Mg SO4  2!0,

Ca H P34 200.

Ferric Lartrate 30.

Tryptone 2,000.

Sucroae 20,000.

ph 5.5

Optional additives

Agsr 6 g/L

I~i



Table 6. Piant Cell Cultures et fttck

Culture Isclatiou
_____ lmtvarioty x

6/15/64 Pepper hot Vietnamese Stem
CAps icm a

2 6/15/64 Carrot LtMkzovc** loot
Dguetz carots.

3* 6/15/64 Squash Cocasqile Stem

Cucurbita pMp

4* 6/15164 *adisk Chamior Stem

,1iish Champion Stam

6* 6/15164 Radish Chaion Stem

7 6/29164 lAttuce Grand Rapids Leaf
u~&.uEa !At lye

8 7/ 7/64 Bean Tendercrop Leaf
- Pt! *Oolgg vulwais

7/16/64 Cucumber China Stm

CucUm&O gstiva

i0 7/16/64 Lettuce Grand Rapids Leaf

1i 7/20/64 Carrot lnknown** >ot

12 7/2O/64 so-an Tadtrcrop Stem

1:3 7/0/64 Lettuce Grand Rapids L&af

14* 7/20/64 Cucvmber China Stew

is* 7/23/64 lean Tendercrop Cotyledon

16 7/28/64 Cucamber China Stem

11
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TabULe 6. (continuied'.

Culture Isola-:on
No Vati: Plant Variety Part

17* 7/28/64 Bean Tendercrop Stem

18 7/28/64 Carrot Un•known** Root

19* 7/28/64 Cuzumber China Stem

20* 7/28/64 Bean Tendercrop Stem

22* 7/28/64 Marigold Marigolds on Stem
Tagetes erect& parade

23 1/29/64 Lettuce Grand Rapids Leaf

24 7/2Lt64 etruce Grand Rapids Root

25* 7/29/64 Marigold Marigolds on Stem
parade

26 7/29/64 Marigold Maiigolds on Stem
parade

27 7/29/64 M..rigold Marigolds on Stem
parade

28* 7/29/64 Marigold Marigolds on Stew
parade

29* 8/ 3/6z Bean Te-iercrop Stem

*Culture no longer on hand

**Cult:.vated - purchased in market

12



Liquid suspeision cultures were initiated by inoculating a piece of

callus tissue fro, an agar slant Into a shake flask. Erlemayer flasks

were use- with 25 al sedium per M25 al flask, 50 ml medion per 250 ml

flask or 100 ml medium par 300 or 500 al flask. CulLures were grown on

rotary shakers (variable speeds) in the dark or in continuous

fluorescent l1ght cf about 200 foot candles, or on a reciprocat!ng

*haker (90 strokes per minute) in the dark, it 28 0 C.

Growth was measured as dry weight in ag per ul. Static cultures

were scraped fro, the agar washed in water and dried at 80 0 C.

Suspension cultures were harvested in toto, or if we1l disporae,

10 ml samples were taken with a large opening pipette, filtered by

suction through tared Schleicher and Shuell 5.5 ca No 596 filter paper

circles, washed in water, and dried at 800C. Growth rate is expressed

as Growth Incre-enS (GI) - final -r. 1• per unit tim. Froductivity
Sin t -inocult

(P) is expressed as ag per ml per day - (fnath - io

13



Results

Part A. Growth of plant cells on solid media.

Experiment 1. Effect of ,adium.

Th5.. experiment was designed t; select the best cultures for further

experimentation and to select & suitable basic medium for their cultiva-

tion. hadia used were White's plus 10% coconut milk, Murashige, or

Hildebrandt's C plus 10% coconut *ilk. Preliminary tests had shown that

growth of callus tissue was very slow on White's or Eildebrandt's media

in the absence of coconut milk. 10 al agar slants were inoculated with

about 10 ag dry weight of tissue (1 ag per ml) eand incubated at :80 C in

light or dark for 27-54 days. The values shown (Table 7) represent the

best weights obtained in three tests.

Pepper tissue is firm, white, and slow-growing with a crisp texture

and a faint pepper flavor. It does not turn green, and does not differen-

tiate organs. Carrot tissue is friable, fast growring, white or yellow in

the dark, green in the light. It frequently produces adventitious plants

even on media without coconuL milk, and new growth types frequently appear

in these cl-tures. The flavor is bland. Radish cultures are slow growing,

white and compact. They frequently produce roots. Lettuce cultures are

fast growing and short lived. The tissue is friable, yellow or greenish

in the dark, very &reen in light, and produces a soluable yellow pigment

14



Tabl6 7. Growth of Plant Call Cultures on Solid Media at 28PC (27-54
days).

Dry weight (mg/al) using (medium)

Culture (NolHurashig* Whit2 CM Hildebrandt's CM

Pepper

1 6.5 4.0 -

Carrot

2 7.4 10.2 8.6
U1 6.8 9.4 8.5
18 1 8.1 9.3 7 9

Radish

4 3.7 - 5.7
6 .. .. . 1 .9 1.0 -_._

Lettuce

10.1 10.5 9.3
10 9.5 8.9 9.8
13 10.5 12.2 9.3
23 9.0 8.0 7.9
24 ...... . 9.4 9.0 9.5

Bean

8 11.6 1.6 8.8
12 8.7 7.9 7.1

Cucumber

9 2.7 2.2 4.4
14 3.0 - 0.3
16 1.1 G.7 2.7
19 2.0 0.8 2.8

Marigold

25 l?.3 8.6 7.0
26 10.5 7.8 5.3
27 8.4 4.3 8.0
28 10.4 8.1 5.7

CH = iOZ coconut milk
- - No test

15



that diffuses into the agar. Cultures in the light differentiate many

small leaves and plantlets. Such cultures are crisp, taste like garden

lettuce, and ahould make a good salad. Bean cultures are fast growing,

white when young, but turning brown as the culture &gea. These cultures

do not turn green in the light and have never differentiated leaves,

roots, or plants. Young cultures taste like ra" bear. Old cultures are

bitter. Cucumber cultures are slow groting, white and friable in the

dark, green in the light. They have a refrashing odor of sliced

cucumbers. Marigold cultures are fest growing, white at first, but

rapidly turning black. They do not turn green in the light. They

produce an abundance of adventitious roots, but no leaves or plants.

Since growth of these cultures on the fully defined Murashige

medium was as good or better than on the media with coconut milk,

Murashige was selected as the basic medium for maintenance of cultures

and further experimentation.

Experiment 2. Effect of number and frequency of transfers.

This experiment was designed to investigate growth rates of carrot,

lettuce and bean cells on Murashige medium, and the effect on these

growth rates of the frequency of transfer. All cultures were grown in

the d6rk at 28 0 C on 10 al agar slants. The inoculum was cu: into

uniform pieces, each slant was inoculated with a piece, five pieces were

16



dried and weighed to obtain inoculan weight. Final weights represent .n

average of 2 or 3 cultures (Table 8, Figures 1, 2, 3).

Bean cultures reached saximm weight in about 3 weeks. This was

the only culture that grew rapidly enough to be maintained rrith a

weekly transfer (25-50% inoculm.m) and this series had the most rapid

growth rate (GI n 1.5 per weak). Bean culturos transferred at 2 or 3

week intervals sbovd maximm productivity of 0.26 ag per al per day.

Lettuce cultures shoved a greater lag with most rapid growth from 2-6

epý&r at which time maximum weight was reached. Cultures dUclined in

weight after 6 weeks. Carrot clls had the longest lag and did not

begin growing until 3 weeks - those cultures also reached mariaum weight

at 6 weeks followed by a decline. It is interesting that these cultures

that decline in old age also show a long lag on transfer.

Part B. Growth of plant cells in suspension.

Experiment 1. Effect of medium.

As in Part A, this experiment was designed to select the best cui-

tures for future txperimentation and to select the best basic medium for

their cultivation. Media used were White's plus 10. coconut milk, Murashige,

H'ldebrandts' C, Becker and Tsuchiya. Initial transfers grew slowly and

37



Table R. effect of Frequency of Transfer on Growth of Plant Cell
Cultures on Solid Murashige Medium in. the Dark at 280C

Transfer
Interval No No Ave. Inoc. Ave. FIn4l Ave. GI Ave. P

Culture Weeks Transfers Weeks pl/al mg/ml per week mK/amlday

2 Larot 1 3* 3 0.40 0.40 0.2 0

2 18 36 0.86 2.00 0.8 0.08

3 ll** 33 1.00 2.80 0.7 0.08

4 9 36 1.50 6.50 1.1 0.i5

6 6 36 1.90 11.00 0.7 0.18

8 3* 24 1.70 5.40 0.4 0.08

7 ltt'm 1 5* 5 0.34 0.50 0.8 0.02

2 18 36 0.98 3.00 A. 1 0.14

3 12 36 1.20 5.50 1.0 0.21

4 9 36 1.70 7.70 1.0 0.21

6 6 36 1.80 9.80 0.9 0.19

8 3* 24 1.60 6.00 0.4 0.08

12 bern 1 33* 33 1.20 2.70 1.5 0.21

2 18 36 1.50 4.10 1.3 0.26

3 12 36 1.90 7.30 1.4 0.26

4 9 36 1.70 7.50 1.0 0.21

6 6 36 1.70 7.80 0.7 0.14

8 5*** 38 1.80 7.-10 0.6 0.07
*Discontinued due to slow growth

**Discontinued due to contamination
**ALast transfer grew only 6 weeks

GI = Growth Increment = Final - 1 (dry vt)

Inoc

P - Production = F i nal - Tnoc (dry wt)

No days

18
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Fig. 2. Effect of frequency of transfer on growth of plant cells on

solid Murashige medium- over a 36 week period. Dark 28 0 C.

Grovth .ncrewent and productivity figurea are averages for the

36 week period.

0---- carrot

0---•-* lettuce

0bean
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Fig. 3. Effect. of frequency of transfer on the cumulative growth

ir:rement of plant cells on solid Murashige medium over a 36

week period. Dark 28 0 C.

0 transfer every week

* - 0 transfer every two weeks

transfer every four weeks

transfer every eight weeks
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often as large masses. However, sow cells usually sloughed off and

grew free or as small %msses in the medium. By making successive

transfers with a large openiug pipette r -nmber of cultures were

obtained that grew in good suspension. All cultures show a strong

tendency to vary in their growth characteristic* with successive

transfer. Growth potential depends as much on a gooo inoculum as on a

suitable medium. Inocula were around 0.5 mg dry weight per ml, either

solid or liquid (10% by volume). Cultures were grown in the light or

dark at 28 0 C for 23-69 days, usually 24-40 days. The values shown

(Table 9) represent the best weights obtained in two to ten tezts. They

are not corrected for a 5-10% decrease in volume due to evaporation of

the medium during growth.

The pepper end cucumber have not been obtained as gocd suspension

cultures, but grov only as large masses. The values of around 2% dry

weight obtaincd for crrot, bean, and lettuce cells represent 60-7u'.

conversioa tc plant cell matter of the 3% sucrose supplied in the

medita. Such cultures are very thick and do not settle on standing.

The condition of the inoculum has " marked effect on growth of plant

cell cultures. For suspmnsion cultures tha best inoculum is often obtain-

ed from culturps three or four weeks old (figure 4). In these cultures

there is a t ag of one o- two weeks foilioed by a perlod of rapid growth

which is nrit•aetic rather than exponential. This suggests that most of tbP

cells in theculture do not divide. Microscropic examinatior of older cultures
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rable 9. Growth of Plant k-ells in Suspension Culture at '8 0 C (23-69
days).

Dry weight (mg/ml) in (medium)

Cu!.cure (No) Murashige White CM Hildebrandt CM Isuchiya Backer

Pepper

1 4.4 0.4 2.8 - -

Carrot

2 21.0 15.0 10.0 13.0 6.7
11 3.9 - 3.0 8.7 3.7
18 15.0 5.8 8.2 i5.0 2.9

Radish

4 2,2' 5.3
5 0.4 - -

6 0.5 - - -

Lettuce

7 10.0 9.0 6.5 3.5 5.2
10 3.0 - 2.8 1.9 3.3
13 18.0 7.2 8.6 2.0 12.0
23 0.2 - 6.9 - -
24 14.0 - 9.4 2.4 7.2

Bean

8 23.0 12.0 6.7 - -
12 I1.0 10.0 6.6 8.9 -

15 - ., 0.3 - -

17 - - 0.2 - -

20 - - 5.0 - -

Cuc.mber

9 1.9 1.6 2.0 0.7 0.7
14 - - 0.8 - -
16 0.6 i.0 1.6 - -

19 - - 1.2 - -
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Table 9. (continued)

Dry w~eiht (mg/mi) in (sedium)

Culture (No) Murashilge White CM Hildebrandt CM Tauch va Becker

Marigold

22 - 3.7 - -
25 3.0 - 4.4 4.2 3.2
26 5.8 4.4 -
27- - 3.5 -

28 8.1 - 2.0 -

CM - 101. v/v coconut milk
- a No Test
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rpvtals many celi fragants. Doubling ti.mes, depending on which part of

the curve is examined, range frm 3 to 12 days. In other curves (not

shown, Tubling times of I or 2 davs have bean observed.

Variations in growth on different gmdia fire shown J(,ig-,O 5'.

These culturev were inoculated from suspension n:uitures- on MaIrashige

sedium, 2 or 3 weeks old. Phytone often causes a marked stimulation of

growth on Murashige medium, especially for young cultures.

As a result of these studies, Murashige medium was selected as the

basic medium for all culturep, since it supports growth as well or

better than other media, and in addition is fully defined.

Experiment 2. Effect of number and frequentc of transfers.

This experiment was designed to study the effect of frequency of

transfer on the growth rate of suspension cultures of plant cells. Our

hope was ths.t frequently transferred cultures would show an increase in

growth rate. Six cultures (Carrot No 2 and 18; Lettuce No 7 and 13;

Bean No 8 vid 12) were grown In the dark on the reciprocal shaker on

Murashige tdiium with no supplement (M) or with addition of one gram per

liter of pbytone (MP) or try-ptone (Mr), and transferred at interval) of

one, two, t.hree, four, five and six weeks for 28 weeks. A 107 (by

volume) inoculum was used. All culttures were grown in the dark on the

reciprocat:.ng shaker at 28 0 C. Dry weights were taken on duplicate 10 ml

samples.
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Ftg. 4. Effect of age of inoculum on growth of plant cell suapension

cultures on Murashige medium. Dark 28 0 C.

10% (v/v) inoculum frum suspension culture.

Iooculum age or* ,eek, A tw weeks.)-Othree weeks,

four veek, f ive weeks, six weeks.
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Fig. 5. Effect of medium on gc.'r-th of plant cell suspension cultures.

Dark 280C.

10% (v/v) inoculum from suspension culture on Murashige medium.

In~culum age bean (2) - 2 weeks; bean (3), carrot, lettuce -

3 weeks.

m- lOMOuxashige (M)

*-- -- F.@ urashige + 1 g phytone per L (MP)

& =-,&Hildebrandt C (C)

At .... ... Hildebrandt C + 1 g phytone per L (CP)
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Although not all series were set up, and some were not completed,

because of either slow growth rate or contamination, a great quantity of

data more collected in this e.p"riment. Selections from it are shown

;Table# 10, 11, 12; Yigures 6, 7, S; 9, 10). All cultures were

variable. A culture would increase in growth rate for a while and then

without any Lpparent reason, a decline would occur. Or a poorly growing

series would suddenly begin growing vigorously.

Growth incremnts usually did not exceed 15 per week when good

inoculum was used. However, occasionally a culture with a very small

inoculum would suddenly begin to grow, resulting in an abnormally hizh

value for the growth increment. Such cultures never maintained this

high growth increment in succeeding trarsfers. The extrewe cases

observed were:

Culture Msditm Series Inoculum Final GI GI per week

8 bean M I wk .13mg/ml 11.2mg/ml 85. 85.
13 lettuce M 2 wk .13mg/ml 12.4mg/mi 94. 47.
18 carrot MT I wk .O2zg/ml .S5z/ghl 41. 41,
18 carrot MT 1 wk .03mg/ml 1.9mg/ml 62. 62.
18 carrot MT 2 wk .04mg/ml 4.2mg/=l 104. 52.

Such values would not have occurred if inoculum had been

standardized by weight instead ,f volume. hese values do suggest that

occasionally for brief periods exponential growth does occur in these

plant cell cultures. Values for growth increment per week were highest

in cultures transferred weekly and declined as the transfer interval

lengthened (Figures 6, 7, 8, 9).
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Table 10. Effect of Frequency of Tranafer on Growth of Suspe*;sion
Culzures cf Carrot Ceal4 Dark 28-C.

m I CuLttre No. 2 Culture No. 18

$4-
INo weeks 1i9 !j 4 16 19 16

a Ave P 0.46 0.65 0.75 0.i0 0.22 0.20
Ave fP i. i 11.2 10.4 9.6 10.0 14.6
Ave final vt 3.6 5,1 5.8 0.59 2.3 1.6

iNc weeks 122 22 16 26 24 16

• Ave P - 0.48 0.55 0.31 0.25 0.38
Ave GI 6.2 6.5 6.2 8.8 9.5 12.8

iAva final Wt 7 5 7.5 8.3 49 3. 6.0

No weks 24 24 6 27 27 6
.IAve P 0.37 0.37 0.14 0.17 0.23 0.25

C-Ave I 1 , 3.6 2.6 5.7 7.1 7,2

IAVe final wt 8.5 8.5 3.4 4.0 5.2 5.3

""•oweeks "28 16 8 28 20 8
kvAe F .19 .26 .23 ,22 2 25 0.40
Ave 6.0 2.4 3.3 2.7 2.1

- A fin-l Vt 5.- 7.4 7.7 6.8 6.8 12.0

SNo weeks 20 10 - 10 10 -
i Ave P 0.21 0.18 0 .!6 0.11

-Ave CI2.6 3.2 - 1.4 2.6
SAve final wt 8.0 6.9 - 6.3 8.8 .

INo weeks i8 12 - 18 -

0Ave P 0.19 0.20 - 0.20 0.14 -

3 Ave GI 2.5 2.9 - 2.0 1.7
ýO Ave final wr 8.5 8.6 - 8.9 6,2 -

P = mg dry wt per ml per day M - ftrashlge Medium

GI - growth increent per week NP - M + I g PhyroneiL

final wt HT - H + I g Try-ptone/L
Inoculum 1
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Table 11. Effect of Frequency of Transfer cn Grovth of Suspension
Cultures of Lettuce Cells. Dark 28 0 C.

Culture No. 7 Culture No. 13

a 3 e veaks 22 26 r 6 26 26 18
AVG P 0.14 0.24 0.23 0.31 0.38 0.47
Ave GI 5.8 4.8 4.9 7.9 5.8 b.4

N ve final wt 1.1 3.7 3.6 5.0 6.1 6.4

SNo weeks 27 24 6 27 27 6
A1 4ve P 0.13 0.15 0.12 0.18 0.31 0.26
Ave GI 4.8 4.7 3.8 3.1 3.9 7.0

fve final vt 3.C 3.5 2. 5 4.1 7.4 5.6

*No•weeks 28 20 8 28 20 8
Avye P 0.0.7 0.19 0.24 0.22 0.25 0.40
yve G1 3.2 4.4 3.8 3.3 2.7 2.1
A ve final vt 2.1 5.3 7.3 6.8 6.8 0.12

a No ewks 15 20 10 20 15
yAve P ).12 0.24 0.27 0.25 0.26 -

Ave GI 2.4 2.7 2.3 2.2 2.3 -
% Ave final vt 1,8 9.0 11.7 9.7 9.6 -

No weeks 18 12 - 18 12 -

SAve P .12 .28 - .19 .31 -

Ave GI 1 7 3.2 1.6 2.5 -

,o Ave final vt 5.5 11.4 8.7 13.5 -

Sec Table 10
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Table 12. Bffect of frequency o! Tranafer on Growth of Suspenslot
Cultures of Bean Cello. Dark 28 0 C.

Culture No. a C-tl1tura So. 12

M Nedium I ?aP 1 N MF H

o weeks I. 8  19 8 19 19 19
q ve P 0.33 1.12 0.39 .45 .78 .81

GIy C 11.4 10.0 7.7 1 11.1 9.9 10.2
- "e f ial Mr. 2.7 8,7 3.1 3,5 6.0 6.2

Sweeks 26 21 20 26 26 18
A ve P 0.66 0.75 0.83 0.44 0.67 0.74

ve GI 4.9 5.5 5.7 6.0 5.2 5.7
c4 ve fintl vt 10.5 11.5 12.8 6.8 10.5 10.;'

rno weeka 27 )5 6 27 21 6
v P W 0.52 0.38 0.6. 6 0.35 0.25 G.39

I ve GI 3.2 2.6 2,9 4.1 4.2 3.2
m -e final vt 12.7 9.5 1j.4 8.c 5.8 3.8

%I weeks 28 16 8 28 16 4
v& P 0.45 0.39 0.45 0.20 0.09 0.01

&re GI 2.5 8.8 2.8 5.5 2.2 0.8
-• .ve final wt 14.0 12.0 14.0 6.2 2.8 0.20

weeks 20 10 15 i0
ve P 0.32 0.35 0.12 0.16
ove GI 3.5 1.7 3.P 2.3

VA Fte final vt 3.3 1.4.0 I 4.6 6.0

No week, 1 S 18 12

ýve F 0.24 0.33 0.22 0.27

imt GI 1.5 2.7 2. L5 2.9

v. fina! vt I1.i 14 0 i0.1 Ii.1

Sea Table 10
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Fig. 6. Effect of frequency of transfer on growth rate of suspension

cultures of plant cells over a 28 week period. Dark 2° 0 C.

0"'-0O Murashige mediurt

-- -A Mucashipe + I g phyEone per L
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Fig. 7. Effcc of frequency of transfer on cumulative growth increment

of carrot ceLls in Suspension cultre o:. MurasWige medium.

Dark 2800.

0 m.. transfer every wv.ek

*0 ....... • transfer every two weeks

S-..j transfer ever,.' three weeks

A Transfer every four weeks

Q tranifer every five weeks

transcer evcry six weeks

.- '0
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Fig. 8. Effect of frequency of transfer on cumulative growth increment

of bean cells in suspension culture on Murashige medium. Dark

28 0 C.

0 --- transfer every week

transfer every two weeks

- transier every three weeks

Strarsfer every four weeks

Q transfer every five weeks

3 transfer every six w'-eks
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Fig. 9. EfLect of frequency of transfer on cumulative growth increment

of bean cells in suspen3ion culture on Murashige medium

supplemented with one gram of phytone per liter. Dark 28 0 C.

0 0 transfer every week

* -...... transfer ever-., two weeks

A A transfer every three weeks

transfer cvery four wee~s

Q transfer every five weeks

'2
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Fig. 10. Effect of frequency of transfer on productivity of dry matter

in suspension cultures of plant cells over a 28 week period.

Dark 28 0 C.

0 0 murashige mdium

A - Murashige + 1 phytone per L

44



2O00 BEAN -MP

z 150-
zw
w

I o /
0IO0 /

c0/

o 100-
0 0

w 0

D o/

0 A/
00

0 5 10 15 20 25

WEEKS GROWTH

K Figure 10 45



Since our objective is production of cell mass the figures for dry

weight produced in mg per ml per day are really more meaningful than

growth increment. The best values obtained for P were:

Culture Medium Series Transfer No. P mg per ml per dav

Bean M 1 wk 19 1.65
Bean HP 1 vk 4 1.70
Bean MT 1 wk 13 1.91

Carrot M 1 wk 19 1.14
Carrot MP I wk 19 1.33
Carrot MT I wk 3 1.09

Lettuce M 2 wk 12 0.88
Lettuce MP 2 wk 12 0.85
Lettuce MT 2 wk b 0.64

Average values for P were greatest on MP medium in the series

transferred weekly. The beat values on M medium usually occuried in

the series transferred every other week (Figure 10). In any series,

values for P fluctuated with successive transfer, but the long range

trend for short intervals transfer was towards an increase in P value

(data not shown), This :ooggests that we were having some suczess in

selecting line of cells adapted to growth on the shaker. So far we have

failed to stabilize such cultures.

Addition of phytone (hydrolyzed soy protein) is often favorable to

young fast-gro-wing cultures, In older or slower-growing cultures,

soluble nitrogenous compounds to nourish meristematic cells are probabl:

secreted by mature ceils or rateaaed by broken cells.
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Experiment 3. Effect of thickent'•ki

One cause of our failtire ro obtain exponientils! gro-.h in snake

cultures could be that the large highl' vacuolaced thin wailed plant

cells were damaged by the shakirg. In z;t attezptp to prevent such damage

we added various colloidal mat.,rials, wontly polysaccharides, at 4 g per

liter to the medium (Table 131. All auch media foamed excessively and

were very slov to filter suggesting they would be difficult to handle

under mats culture conditions, Therefore, in sp'.te of sowe f&vorable

effects, especially for lettuce cells, these agents have not been used

again.
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Table 13. Effect of Thickening Agents on Growth of Pljit Cell
Suspension Cultures Hurashige Madi,,:- + ig phytone per L -
Dark 28 0 C. 28 days.

Additive Carrot No 2 Litt,.ce No 7 Bean No 8 Bean No 12

0.412. Drv Weight mg per ml

None 7.9 1.6 8.5 6.6

Dextran 7.9 2.7 8.5 9.7

Carageanin 5.4 2.0 5.7 7.0

GuIr Cum 6.0 4.9 9.8 8.4

Alginic acid 8.6 7.1. 8.0 1,.9

Celatine 4.9 1.4 6.5 8.0

Pectin 10.4 0.8 4.3 9.3

0"HCO 7.5 2 8 13.8 10.7

CHC70 8.8 5.4 8.4 7.4

HEC 5.7 4.4 0.6 8.0

Cellulose acetate 8.4 2.6 i.3 4.9

Mechylcellulose 5.0 2.5 5.1 5.6

Cellulose SO. 4.9 3.4 7.6 8.3

Carbovax 4.8 4.4 9.9 9.2

"1VK9O 4.0 2.5 8.3 8.6

PVF189 5.1 2.3 7.8 6.2

(CC carboxymethyl cellulose
UIC hydroxyethyl cellulose
PVP polyvinylpyrillidons
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Discussion

This study was carried out to investigate the growth of plant cells

on simple media and the feasibility of growing such cells for food, We

find that callus cultures can be readily isolated from many edible

plants and maintan.ned for well over a year on the fully defined medium

of Huraahige arnd Skoog. Growth of plant cell cultures after an initial

lag ia linear, rathtr than exponantial as found for many microbial

cells. iMthough exponential growth of cultured tobacco cella has been

reported (5, this represented an increase in dry weight only fror ibout

0.06 to 1.0 mg per ml. In our experiients inoculum weights were rwsially

from 0.5 to 1.0 ag per ml and growth -ontinued to 10 mg per ml or more.

Similar growth curves are found for intact plants since cell division is

restricted to a few meristematic reglcns.

We have used two indices of growth - growth increments per unit

time. and productivity of dry matter in mg per ml per day. The growth

increment, which is a multiplication factor, tends tc be inversely

proportloal to inoculum size because of the linear growth curve. In

static :ultures (on solid media) maximum dry weights of up to 12.5 mug

per ml of medium are attained. Sustained growth incremento over a

36-week period averaged 0.2 - 1.5 pr week. The higher figure was tor

begn cells t:ansfarred weerly. Productivity of dry matter rasrýed

from 0.02 - 0.26 mg per ml per day. In suspension cultures (on

Uiquid media) maxim=m dry weights of up to 23 mE per ml were obtained.
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Sustained growth increments over a 28•-eek period ranged from 0.3 -

per week. Production af dry natter rar.jed from 0.0/ - 1.12 mg per ml

per day. The highest figure was for bean cells on medium supplemented

with phytone and transferred weekly. There was some tendency for

frequently transferred cultures to show an increasing growth rate, and

for infrequently transferred cultures to decline in growth rate. It is

common1v observed that stabiliti is the exception in piant ce'l culture6.

Growth rates, capabilicy for differentiation, and nutrient requirement3

aI var ,'10). Our results include many examples to support this

statemnt, but despite fluctuations the production of dry matter under

controlled conditions does vary around a steady state. Yielas of our

fastest grow-.ng culture (bean) are compared with yields reported b-y'

other workers (Table 14). is a sustained yield of one mg per ml per

day good enough for profitable production? if not, how much can wa

hope to increase yields?

How do these values compare to yields of plart matter from conven-

tional crops? Valuef of from one to eighty metric tons of dry organic

matter per hectare per ,eat have been reported for plants growing under

optiaun conditions (25) (Table 15). A metric ton is 10)0 kg or 1-09 g.

A hectare i* one hectc-meter (lOOM)l or i0 8 cm . Therefore, one ýetri•
22

ton per hectare equalz 10 mg per cm per year or 0.027D mg per cm pvr

day, and 80 metric tons per hectare equa12 2.2 mg per cm2 per day. It
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Table 15. Plant Yields in Total Dry Organic ;Ash Free) Matter in Metric
in•n per Hectare per Year. After Westlake 1963 (25).

Rainforests, perennials cultivated in tro-2ics 50-80

A' - in sewage ponds + excess CO2  45

Fertile reed swamps 30-45

Coniferous forests, cultivated perennials 25-40

Marine plancs 21-40

Deciduous forests, cultivaued arnnuals,
uncultivated herb# 10-25

Fresh water macrophytes 13-21

Phytop lankton 1-9
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is difficult to make a direct comparison between values based on volcu

and area, but it would appear that at present cur yi.*Ids in culture are

of the s~m order of magnitude as crops grown conventionally under

cpti=,• conditions where year round agriculture is possible. Hovever,

the conventionally grown plant contains a high percentage of inedible

vaste. The cultured cell presumably will bt entirely edible. Moreover,

we hope that we can achieve a productivlty of 10 mg/ml.'day or greater,

to give us a decided advantage over conventional agriculture.
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